In this study, porous polyoxymethylene/poly(L-lactide) (POM/PLLA) nanofibrous membranes (NFMs) immobilized with silver nanoparticles (Ag NPs) are obtained via the technique of electrospinning followed by the method of seed-mediated silver electroless depositing. POM/PLLA NFMs with a high surface area were functionalized with amino groups acting as anchors so that the Ag NPs with an average diameter of about 7.6 nm were well-dispersed on the fibers of POM/PLLA NFMs. The POM/PLLA NFMs with a Ag loading content of 20.7 wt% exhibit a high catalytic rate constant of 21.25 Â 10 À3 s
Introduction
Noble metal nanoparticles (NPs) continue to receive immense scientic and technological interest in applications including, but not limited to, optoelectronics, 1,2 sensing, [3] [4] [5] biomedicine, [6] [7] [8] [9] [10] and catalysis. [11] [12] [13] In particular, silver (Ag) NPs (Ag NPs) have been proved to be promising candidates for use in catalysis. For catalytic applications, especially for liquid-phase treatments, it is necessary to immobilize Ag NPs onto a support material that can be easily separated from the liquid phase to make the metal NPs easily recyclable and reusable. Likewise, the support material should be able to effectively stabilize the NPs and prevent them from agglomeration caused by interparticle interactions. In recent years, much effort has been focused on the development of effective strategies to incorporate NPs within a support material. Usually, the nanobrous membranes (NFMs) are considered as efficient supporting materials for catalysis since they can offer high permeability due to their large specic surface area, high ber aspect ratio and high porosity. Therefore, many studies have focused on the fabrication of NFMs via electrospinning because it is a simple and cost-effective method to produce brous mats in the micro to nanometer ber diameter range, and has a controllable composition and porous structure.
14, 15 However, immobilization of metal nanoparticles with well-controlled dispersion, size, and geometry on the surface of a highly porous electrospun substrate poses a challenge. As a consequence, substantial effort has been directed towards uniform inclusions of nanoparticles inside the matrix of electrospun bers, i.e., fabricating nanocomposite bers, rather than surface-localized particles. Frequently, presynthesized NPs are directly dispersed in the polymeric solution prior to electrospinning. [16] [17] [18] However, it is extremely difficult to disperse NPs homogeneously into the NFMs by these methods because of the easy agglomeration of nanoparticles and the high viscosity of polymer solution. What's more, direct incorporation of the NPs into the polymer solution prior the electrospinning process usually leads to a decrease of the catalytic activity, most probably due to the leaching of active species. To solve this problem, control of the deposition or synthesis of uniform NPs on electrospun nanobers has been developed. For instance, Carlber et al. fabricated silver nanoparticles on imide cleavage polyimide nanobers by chemical and thermal reduction of silver nitrate absorbed on the surface of bers. 19 Another example is the immobilization of gold nanoparticles on poly(vinyl alcohol) nanobers functionalized with 3-mercaptopropyltrimethoxysilane through gold-sulfur bonding interactions. 20 Therefore, to create NP-immobilized hybrid NFMs, it is a prerequisite to prepare functionalized nanobers, which should possess the functional groups allowing for effective chemical or physical interactions with the metal ions or formed NPs.
Recently, we have succeeded in preparing novel three dimensional interpenetrated bulk membranes 21, 22 and NFMs
23
based on the polyoxymethylene/poly(L-lactide) (POM/PLLA), in which POM and poly(L-lactide) (PLLA) form a co-continuous structure, and the etching of PLLA induces the formation of the internal nanochannels. Such porous NFMs possess a signicant surface area derived from the bers, with both surface pores and internal channels, and exhibit a much higher oil absorption capacity. Therefore, it is reasonably anticipated that the POM/PLLA NFMs are a potential support material for Ag NP immobilization to generate highly efficient catalysts because of their high surface area to volume ratio and high porosity for the reactant's easy access. In this study, POM/PLLA NFMs were rst prepared via electrospinning. The bers were then modied by aminolysis. Finally, the Ag NP-immobilized NFMs were prepared by electroless depositing silver with dextrose as the reducing agent (Scheme 1). The formed Ag NP-immobilized NFMs were characterized by Fourier transform infrared (FTIR) spectroscopy, Xray photoelectron spectroscope (XPS), scanning electron microscopy (SEM), transmission electron microscopy (TEM), Xray diffraction (XRD), and thermogravimetric analysis (TGA). The catalytic efficiency and reusability of the formed Ag NPimmobilized polymer nanobers were examined by reducing 4-nitroaniline (4-NA) into p-phenylenediamine (PPD) in the presence of NaNH 4 . To our knowledge, this is the rst report related to the use of electrospun POM/PLLA NFMs as supporting materials to immobilize Ag NPs for catalytic applications.
Materials and methods

Materials
The PLLA materials (3001D) used were purchased from Nature Works Co. LLC (USA). The M n were reported to be 89 300 g mol À1 . The content of D-lactide of the PLLA materials was 1.6%. 
Preparation of POM/PLLA NFMs
POM/PLLA NFMs are obtained via the technique of electrospinning according to our previous work. 23 In brief, POM/PLLA solutions with proportions of 50/50 in HFIP were prepared. The resulting clear and homogeneous solutions were electrospun with a voltage of 13 kV. The polymer bers were collected onto a sheet of aluminum foil with a tip-to-collector distance of 10 cm and a volumetric ow rate of 0.02 mL h À1 . The spinning was carried out under a relative humidity of 80-85%.
Preparation of aminolyzed POM/PLLA NFMs
POM/PLLA NFMs were immersed in a 1,6-hexanediamine/2-propanol solution of 60 mg mL À1 under gentle stirring for 12 h at 40 C. When the aminolysis process completed, the membranes were rinsed with 2-propanol and water several times to wash away the unreacted 1,6-hexanediamine. The aminolyzed membranes were dried in vacuum and prepared for Ag NP deposition.
Immobilization of Ag NPs onto POM/PLLA NFMs
The process of the immobilization of Ag NPs within POM/PLLA NFMs was carried out with a silver electroless deposition method. 24 Briey, a piece of aminolyzed POM/PLLA NFM (2 Â 2 cm 2 ) was immersed into a 3.0 mM SnCl 2 aqueous solution for 30 min and then in a 3.0 mM PdCl 2 solution for 10 min. This process would provide the Pd seeds as the active site for the following reaction of silver ions and dextrose molecules. Then the surface-activated POM/PLLA NFMs were immersed in Tollen's reagent for nucleation and growth of Ag NPs within the POM/PLLA NFMs. Tollen's reagent was prepared in two steps: rstly, a 1.0 M NH 4 OH aqueous solution was dropwise added into a AgNO 3 (0.1 M, 30 mL) aqueous solution until the brown precipitate disappeared under constant stirring; aer that, a KOH (0.8 M 15 mL) aqueous solution was added to the system, resulting in a black precipitate. Additional NH 4 OH was then added dropwise until the system became clear and colorless again. Finally, a dextrose (0.25 M, 3 mL) aqueous solution was added into the Tollen's reagent under constant stirring. Aer 3 minutes of reaction, the NFMs were thoroughly rinsed with distilled water and dried for further characterization and catalysis evaluations.
Characterization
The morphology of the electrospun POM/PLLA NFMs before and aer Ag immobilization was observed using scanning electron microscopy (SEM, S-4800, Hitachi, Japan) with an accelerating voltage of 2 kV and working distance of 2-5 mm. The elemental composition of the samples was analyzed by energy dispersive spectroscopy (EDS, IE300X, Oxford, UK) attached to the SEM. To observe the distribution of Ag NPs within the bers, the Ag immobilized POM/PLLA NFMs were embedded in epoxy resin and ultramicrotomed at À120
C to a section of thickness of about 70 nm. Transmission electron microscopy (TEM, HT7700, Hitachi, Japan) was performed at an operating voltage of 100 kV. The diameter of the nanober was measured using image analysis soware and at least 200 randomly selected nanobers in different SEM images were analyzed for each sample to acquire the diameter/size distribution histograms. X-ray photoelectron spectroscopy (XPS) measurements were performed on an ESCALAB 250 Xi XPS system (Thermo Electro Corporation, USA) with an Al Ka X-ray source (1486.8 eV) at a constant recording ratio of 40. Both broad and narrow (or core) scans were carried out to collect XPS spectra. TGA was carried out on a TGA Q500 (TA Instruments, USA) thermogravimetric analyzer with a heating rate of 10 C min À1 in a nitrogen atmosphere. FTIR spectra were recorded using an ERTEX 70v FTIR spectrometer (BRUKER, USA) in the wavenumber range of 4000-500 cm À1 at ambient conditions.
The apparent density and porosity of the electrospun brous mats before and aer immobilization of the NPs were estimated using eqn (1) and (2), respectively, where the thickness of the brous mats was measured by a micrometer and the bulk density of the mixture was calculated according to their weight ratio in the mixture.
Apparent density ðg cm À3 Þ ¼ membrane mass ðgÞ membrane thickness ðcmÞ Â membrane area ðcm 2 Þ
(1)
Catalytic performance evaluation
A model reaction to transform 4-NA into PPD was selected to evaluate the catalytic efficiency and reusability of the Agimmobilized POM/PLLA NFMs. In brief, a solution mixture containing 4-NA (0.15 mM, 40 mL) and NaBH 4 aqueous solution (15 mM, 40 mL) was prepared in a 100 mL three-necked ask.
Then, an Ag-immobilized POM/PLLA NFMs (2 Â 2 cm 2 ) was immersed into the above solution mixture at room temperature, followed by gentle magnetic stirring. At a given time interval, 2 mL of the aqueous solution was withdrawn for the detection of the transformation efficiency using a UV-2450 spectrometer (SHIMADZU, Japan). To verify the reusability of the Agimmobilized POM/PLLA NFMs, the mat was washed with water and blotted with lter paper before it was reused for the next cycle of catalytic reaction.
To evaluate the dynamic catalytic activity, 100 mL of a solution of 4-NA (0.15 mM) was prepared. 100 mL of NaBH 4 (15 mM) was added to the substrate solution under stirring. The temperature of the reactor was maintained at 25 C during the experiment by a temperature-controlled box. The POM/PLLA/Ag NFMs were immobilized in a membrane support (13 mm diameter, Xinya, China). The catalytic disc and support unit were fed by a syringe pump (Fig. S1 †) and the solution was continuously owed through the catalytic disc at the ow rate of 0.4 mL min À1 . At a given time interval, 2 mL of the aqueous solution was withdrawn for absorbance of the substrate at 381 nm (wavelength of maximum absorbance for 4-NA) with a UV-2450 spectrometer (SHIMADZU, Japan). The conversion efficiency of 4-NA transfer into PPD was calculated according to the following equation:
where C t is the concentration of 4-NA at reaction time t and C 0 is the initial concentration of 4-NA.
3 Results and discussion
Formation of electrospun POM/PLLA NFMs
In our previous study, 18 we optimized the electrospinning conditions to fabricate uniform POM/PLLA nanobrous mats. Under the same optimum experimental parameters, nanobers of random orientation were generated with a mean diameter of 860 AE 56 nm (Fig. 1A) . With the fast evaporation of the solvent hexauoroisopropanal (HIPF), vapor-induced phase separation between the solvent and the POM/PLLA blends occurs on the surface of the nanobers, which leads to numerous nanopores on the surface of the as-spun nanobers. Fig. 1B shows the TEM images of POM/PLLA nanobers; black dots can be seen on the surface of the bers and are considered as POM-rich regions formed during the vapor-induced phase separation, since POM is more readily stained by RuO 4 than PLLA. Moreover, the asspun nanobers were solid and had no internal pores, which is also conrmed by Fig. 1A and B.
Aminolysis of electrospun POM/PLLA NFMs
The amino group has been found to be one of the effective chelating functional groups for the adsorption of metal ions from aqueous solution and acts as an anchor for the immobilization of metal NPs. functionalized graphene and used it as a support for the deposition of Pd NPs. Baghani 26 et al. investigated the aminofunctionalized magnetic nanoparticles as efficient adsorbents for metal ions. Therefore, we make use of the reaction between the ester groups (-COO-) of PLLA and the amino groups (-NH 2 ) of 1,6-hexanediamine to introduce the -NH 2 into POM/PLLA NFMs in the case that one amino group reacts with -COOgroup to form a covalent bond, -CONH-, while the other amino group is unreacted; hydroxyl-terminated chains will also be yielded on the polyester surface during this process.
27 Fig. 2 displays the FTIR spectra of POM/PLLA NFMs and aminolyzed POM/PLLA NFMs. In the spectrum of POM/PLLA NFMs, the peak at n ¼ 1756 cm À1 is characteristic of the carbonyl groups of PLLA, but aer aminolysis with 1,6-hexanediamine, the peak associated with the carboxyl group became weak and new peaks located at n ¼ 1642 and 1562 cm
À1
, attributed to the -CONH-and N-H characteristic stretching bands of the amide group, respectively, are observed, indicating that -NH 2 groups are successfully introduced to the POM/PLLA brous membranes. It is worth noting that aminolysis, in principle, is an alkaline-catalyzed degradation of PLLA macromolecules, 26 as reported in our previous works. 21-23 POM and PLLA formed a co-continuous structure in the internal ber, and thus the alkaline erosion of PLLA by 1,6-hexanediamine simultaneously takes place and leads to an internal porous structure of POM/PLLA bers. That means, the aminolysis process would provide the bers not only with the functional groups capable of coordinating/chelating with metal ions, but also the internal nanochannels that result from the 1,6-hexanediamine alkaline erosion process. This was conrmed from both SEM and TEM images, as shown in Fig. 3A and B. The SEM image of the cross section of ber indicates a clear image that the alkaline erosion results in an interconnected porous POM/PLLA nanober. The TEM image shows clear white channels with a size of several tens of nanometers and these channels were originally PLLA before the aminolysis process. Compared with the pristine nanobers before aminolysis (Fig. 1A) , the size of the aminolyzed POM/PLLA nanobers increased in the mean ber diameter (925 AE 37 nm), which can be ascribed to the 1,6-hexanediamine/2-propanol aminolysis process that led to the swelling of the bers.
Aminolysis of POM/PLLA NFMs was further conrmed by Xray photoelectron spectroscopy (XPS) measurements. Fig. 4A shows the XPS survey proles of the POM/PLLA NFMs and aminolyzed POM/PLLA NFM samples. For POM/PLLA NFMs, only C 1s and O 1s peaks are observed, whereas a new peak for N 1s appears in the XPS spectrum of the aminolyzed POM/PLLA nanobers. In addition, the N 1s XPS spectrum of the aminolyzed POM/PLLA NFMs (Fig. 4B) displays a peak at binding energies of approximately 399.6 eV, which can be assigned to amide atoms. 27 Therefore, the FTIR spectra together with the XPS spectra demonstrate that POM/PLLA NFMs have been successfully modied by 1,6-hexanediamine through the aminolysis reaction.
Ag NP-immobilized POM/PLLA NFMs
A typical SnCl 2 /PdCl 2 method was applied to introduce palladium seeds on the NFM surface to get the surface-activated POM/PLLA NFMs. The Ag NPs were then grown on the surface of nanobers by electroless plating or deposition to get Ag NPimmobilized NFMs (POM/PLLA-Ag NFMs). Fig. 5A shows a typical SEM image of POM/PLLA-Ag NFMs. It is clear that the composite NFMs still retain a uniform brous structure with a porous surface, similar to the nanobers without Ag NPs (Fig. 3A) . Many nanoscale particles could be observed on the surface of the nanobers; these bright particles were Ag NPs because silver can scatter more electrons than polymer nanobers. From the SEM images, it was concluded that the Ag NPs were randomly distributed on the nanobers. Since the major advantage of electrospun nanobers is their high porosity, which allows sufficient contact with the reactant molecules for efficient reactions, it is critical to check if the immobilization of the Ag NPs affects the porosity of the POM/PLLA nanobers. Knowing the bulk densities of POM and PLLA polymers, along with the calculated apparent density of the nanobers, we were able to estimate the porosities of POM/PLLA NFMs before and aer Ag immobilization. The porosity of the pristine NP-free aminolyzed POM/PLLA NFMs is 53.4%, while aer Ag NP loading, the porosities of the Ag NP-containing nanobrous mats slightly decreased to 44.8%, but still higher than the porosity of pristine nanobers (31.1%) before aminolysis. This porous structure would effectively facilitate liquid-fuel diffusion to the surface of the outer and inner catalysts and would thus maximize the reagent molecules available at the catalysts.
The distribution of Ag NPs within the POM/PLLA NFMs was characterized by cross-sectional TEM imaging of the hybrid NFMs ( Fig. 5B and C) . Round-shaped patterns of the Ag NPs are clearly observed, indicating that the Ag NPs were successfully immobilized in the cross section of POM/PLLA NFMs. The mean diameter of the Ag NPs was estimated to be 7.6 AE 2.5 nm by measuring the diameter of 200 randomly selected particles (Fig. 5D) .
To further conrm the presence of Ag NPs, X-ray diffraction (XRD) was carried out on POM/PLLA-Ag NFMs (Fig. 6A) . Diffraction peaks centered at 2q angles of 38.2 , 44.5 , 64.5 and 77.3
were observed, and could be assigned to (111), (200), (220) and (311) crystallographic planes of the cubic crystal structure of silver metal, respectively. The above results are consistent with the ASTM standard (JCPDS Card no. 04-0783) and conrmed that the Ag nanoparticles immobilized in the membranes exist in the zero valent state. The average size of the Ag nanoparticles was 7.2 nm, calculated from the XRD data according to the line width of the maximum intensity reection peak Ag (111) by using the Scherrer equation [eqn (4)], in which D is the average particle size (in nm), k is the Scherrer constant (0.89), l is the X-ray wavelength (l ¼ 0.15406 nm), b is the width of the diffraction peak at half height (in radians), and q is the Bragg diffraction angle. 
TGA was used to characterize the loading capacity of Ag NPs, in the POM/PLLA-Ag NFMs (Fig. 6B) . At a temperature above 600 C, the polymer component of POM/PLLA NFMs burned out, and silver oxide residues were le. By comparison of the Ag NP-immobilized NFMs with the Ag-free membranes (Fig. 6B , curves a and b), the loading capacity of Ag NPs within the NFMs was estimated to be 20.7%.
XPS was employed to further analyze the composition and surface states of the POM/PLLA NFMs immobilized with Ag NPs. The binding energies of Ag 3d at about 370 eV, Ag 3p at 571.3 eV and 601.7 eV, and Ag 3s at 715.1 eV are distinct in Fig. 7A and demonstrate the presence of the silver element.
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The Ag 3d core-level spectrum shown in Fig. 7B can be deduced from the two peak components at BEs of 368.1 eV and 374.1 eV for Ag 3d5/2 and Ag 3d3/2, respectively. Both peaks are attributed to the Ag 0 species, thus conrming the presence of Ag, in good accordance with XRD results. 
Catalytic activity of POM/PLLA-Ag NFMs
To investigate the catalytic activity of POM/PLLA-Ag NP NFMs, the reduction of 4-NA with NaBH 4 in aqueous solutions was tested. The produced PPD as a reduction product of 4-NA is considered a useful and attractive intermediate in the preparation of polymers, hair dyes, and rubber products. 29, 30 The reduction was monitored by UV/vis measurements during a certain time interval. A blank experiment was carried out for the reduction of 4-NA with NaBH 4 in the absence of POM/PLLAAg NFMs. There is almost no change of the characteristic absorbance of 4-NA at 378 nm even for a large excess of NaBH 4 . (Fig. S2 †) . However, when the reaction was performed in the presence of POM/PLLA-Ag NFMs the absorbance peak at 378 nm showed a progressive decrease, a shiing of the absorbance peak at 223 nm, and the appearance of a new absorption peak at 303 nm (Fig. 8A) , due to the formation of PPD. 31, 32 This result indicates that the POM/PLLA-Ag NP NFMs accelerated the reduction of 4-NA into PPD in the presence of NaBH 4 . Notably, a complete reduction of 4-NA using our prepared POM/PLLA-Ag NFMs occurred within 3 minutes of starting the reaction. Catalytic activities are mainly determined by two key parameters, such as the availability of active surface area and the catalyst active sites on the surface for the electron transfer, which remove the kinetic barrier. 33 The superior catalytic properties of our POM/PLLA-Ag NFMs could be attributed to the high surface activity of the silver NPs and the high surface area of the NFMs.
The reduction rates of this reaction can be considered to be independent of the concentration of NaBH 4 since this reagent was used in large excess with respect to 4-NA. Therefore, this chemical reduction follows rst-order kinetics. Fig. 8B shows the plot of ln(C t /C 0 ) versus reaction time, where C t is the concentration of 4-NA at reaction time t and C 0 is the initial concentration of 4-NA. The results indicate that ln(C t /C 0 ) decreases linearly with reaction time; we estimated that the , respectively. Our POM/PLLA-Ag NFMs exhibit a signicantly higher catalytic activity for the reduction reactions than the Ag-based catalysts mentioned above. What's more, the rate constant k of POM/PLLA-Ag NFMs is also higher than those of the reported silver-nanospheres (AgNSs) even for a similar size of 7 nm. 36 The excellent catalytic activity of POM/PLLA-Ag NFMs could be attributed to the highly dispersed small-sized Ag NPs with an easy accessibility of the active sites beneted by the porous structure of bers. Therefore, 4-NA and BH 4 À were easily absorbed on the surface of Ag
NPs of POM/PLLA-Ag NFMs, where the Ag-NPs trigger the reduction of the 4-NA solution by relaying electrons from the BH 4 À donor to Ag NPs, and then conveying the electrons to the acceptor 4-NA molecules, resulting in a rapid occurrence and completion of the reduction reaction.
37,38
The reusability and recyclability are crucial issues for a catalyst to be used for practical applications. The formed freestanding POM/PLLA-Ag NFMs with good mechanical durability are essential for them to be recycled for multiple catalytic uses. Aer each reaction cycle, the membrane was washed with water and blotted by a lter paper before it was reused for the next cycle of catalytic reaction. The catalytic performances of the POM/PLLA-Ag NFMs used 4 different times were compared by plotting the rst-order rate constant and 4-NA conversion as a function of reaction time (Fig. 9A) . It can be seen that more than 99% 4-NA is able to be transformed to PPD aer 4 reaction cycles and each cycle keeps similar k values, conrming the excellent reusability of the POM/PLLA-Ag NFMs. The morphology of the POM/PLLA-Ag NFMs were checked by SEM (Fig. 9B ) and the result shows that the porous nanobrous structure of the POM/PLLA-Ag NFMs are very stable, even aer undergoing multiple catalytic reaction cycles.
Furthermore, the dynamic catalytic activity was evaluated. The mixture of 4-NA and the NaBH 4 aqueous solution was pumped to the catalytic disc immobilized at a constant ow rate (0.4 mL min À1 ) without solution recycling (single-pass mode).
The video le in the ESI † demonstrates the continuous reduction of 4-NA into PPD in single-pass mode (Video S1 †). As shown in Fig. 10 , the continuous conversion efficiency keeps above 90% even aer 4 hours of running time. This means that the catalytic POM/PLLA-Ag NFMs are able to reduce 96 mL of 4-NA at a concentration 0.75 mM (i.e. 103 mg 4-NA) before the conversion rate is lower than 90%.
Conclusions
In summary, we have developed a facile approach to prepare porous POM/PLLA-Ag NFMs. The immobilization of the Ag NPs with a mean diameter of 7.6 AE 2.5 nm within the POM/PLLA nanobers does not impact the porous brous structure of the membranes. The catalytic reaction to transform 4-NA into PPD demonstrates that the Ag NPs immobilized within the NFMs are able to catalyze the 4-NA reducing reaction with an efficiency approaching 99.7% within 5 min at 25 C. Furthermore, the POM/PLLA-Ag NFMs can be easily handled and reused at least 4 times with an approximately similar catalytic performance and the continuous conversion rate of 4-NA keeps 
